INTRODUCTION
Physical forces between cellular adhesion sites and substrate may play an important role in the regulation of cellular function, as evidenced by the responses of cell morphology, locomotion, growth, and gene expression to mechanical forces such as fluid shear stress or substrate stretching (Pelham and Wang, 1997; Wang et al., 2000; Benjamin and Hillen, 2003; Discher et al., 2005; Vogel and Sheetz, 2006) . Consequently, cells possess rather sophisticated mechanosensory devices, which can detect physical forces and respond to them (Beningo et al., 2002) . The rigidity of substrate also influences cell contractility, cell movement, Rho activity, focal adhesion assembly, and differentiation of myotubes (Lo et al., 2000; Wang et al., 2003; Hung and Ingber, 2005; Paszek et al., 2005; Engler et al., 2004) . However, the mechanisms by which cells precisely sense mechanical stimuli and how these factors alter cellular structure and function are far less explored than those triggered by chemical ligands.
Microenvironments between cell-substrate adhesions appear important in controlling cell proliferation (Chen et al., 1997; Chicurel et al., 1998) or even critical in stem cell lineage specification (Engler et al., 2004 (Engler et al., , 2006 . Although a wide variation in substrate rigidities for differentiated cells is known to influence focal-adhesion structure and cytoskeleton (Cukierman et al., 2001; Bershadsky et al., 2003; Discher et al., 2005) , microenvironments between cell-substrate adhesion can be difficult to adequately characterize or control. It has not been possible to specifically identify the role of physical parameters because of the use of substrates that differ in both chemical and physical properties. Collagen gel may exert both biochemical and biophysical impact on cells, but little is known about its biophysical impact on cell biology. The biophysical effects of collagen gel on cells could be due to its physical property, i.e., very low rigidity. To address this problem, we have developed the collagencoated substrates, which, through minor changes in the concentration of cross-linkers, allowed the regulation of flexibility over a wide range without altering their chemical properties (Wang et al., 2003 . We demonstrated that different rigidities of adhesive collagen substrate affected cell growth, morphology, activation of protein kinases and stability of focal adhesion complex proteins (Wang et al., 2003) . In addition, soft substrate of collagen gel induced apoptosis in polarized cells, but not in transformed cells or fibroblasts . We also showed that soft substrate induced apoptosis in renal epithelial LLC-PK1 cells but not in cervical cancer HeLa cells by the disturbance of Ca 2ϩ homeostasis . Here we further investigate the regulatory signals underlying the disturbance of Ca 2ϩ homeostasis in soft substrateinduced epithelial apoptosis. We used normal cervical epiThis article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E07-11-1170) on March 12, 2008. thelial cells and cervical cancer cells as a pair to study the cell type-specific responses to different substrate rigidities. The data indicate that soft substrate induces the translocation of stromal interaction molecule 1 (STIM1), a putative endoplasmic reticulum (ER) Ca 2ϩ sensor, toward the plasma membrane to interact with Orai1, an essential pore subunit of store-operated Ca 2ϩ (SOC) channels. The enhancing STIM1 translocation correlates with the up-regulation of Ca 2ϩ entry in soft substrate, which disrupts the integrity of Ca 2ϩ -signaling complexes and subsequently induces normal epithelial cell apoptosis.
MATERIALS AND METHODS

Preparation of Collagen Gel and Quantification of Substrate Rigidity
Type I collagen and 0.3% collagen solution were prepared as described previously (Jiang et al., 2000) . To overlay the culture dishes with collagen gel, 1.5 ml chilled 0.3% collagen solution was dispensed in a 6-cm culture dish and allowed for gelation at 37°C. In contrast, to prepare the collagen gel-coated dish (control group), the chilled collagen solution was added into culture dishes to cover the surface. The culture dishes were then tilted, and the excess amount of collagen gel was immediately aspirated. The collagen gel-coated dishes were air dried and washed twice by culture medium before use. The detailed protocol of the quantification of collagen-gel rigidity was previously described (Wu et al., 2005) .
Calpain Inhibitors
The selective inhibitor for -and m-calpain directed to Ca 2ϩ -binding sites, 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid (PD150606), the 20-fold selective inhibitor for -calpain directed to Ca 2ϩ -binding sites, 3-(5-fluoro-3-indolyl)-2-mercapto-(Z)-2-propenoic acid (PD151746), and the negative control for calpain inhibitors, 2-mercapto-3-phenylpropanonic acid (PD145305), were obtained from Calbiochem (EMD Biosciences, San Diego, CA).
Cell Culture
Cultures of normal human cervical epithelial cells and cervical cancer cell lines (SiHa and CaSki) were prepared as described previously (Chou et al., 1995) . For experiments, cells were seeded on different rigidities of substrate at a density of 3 ϫ 10 5 cells/60-mm dish.
Scanning Electron Microscopy
Cells and collagen substrate were rinsed twice with phosphate-buffered saline (PBS) and then fixed with 2% buffered glutaraldehyde for 1 h. Samples were then rinsed twice with PBS to remove glutaraldehyde and dehydrated by incubation with gradient alcohol from 50 to 95% for 10 min under each concentration. Absolute alcohol was finally used for the complete dehydration. Samples were processed critical point dried in liquid CO 2 solution, coated with a thin layer of gold particle film and visualized under Hitachi scanning electron microscope (SEM; S5200, Tokyo, Japan).
Analysis of Apoptosis
Two methods were used to assess apoptosis in different culture conditions: 1) annexin V staining. By conjugating fluorescein isothiocyanate (FITC) to annexin V, which preferentially binds to negatively charged phosphatidylserine, it is possible to identify and quantitate apoptotic cells on a single-cell basis by flow cytometry. Cells cultured on collagen gel-coated dishes or on collagen gel for 4 h were washed twice and then stained with annexin-V-FITC (Roche, Indianapolis, IN). Samples were then analyzed by flow cytometer (FACSCalibur system, Becton Dickinson, San Jose, CA). 2) Propidium iodide (PI) staining. This is to stain DNA and look for the subdiploid population of cells from a cell cycle profile. Cells cultured on collagen gel-coated dishes or on collagen gel for 24, 48, and 72 h were washed and then fixed in 70% alcohol. After fixation, cells were treated with RNase (100 mg ml Ϫ1 ) and stained with 40 mg ml Ϫ1 PI (Sigma, St. Louis, MO). The PI-stained cells were analyzed by flow cytometry. The apoptotic ratio was analyzed from hypodiploid DNA peak of apoptotic cells by Cell Quest software (Becton Dickinson).
Western Blot
Cell lysates were harvested in modified radioimmune precipitation assay buffer (RIPA; 150 mM NaCl, 1 mM EGTA, 50 mM Tris, pH 7.4, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and Complete™) at distinct times. The lysates were analyzed by Western blot using antibodies against STIM1 (BD Biosciences, San Jose, CA), -calpain, m-calpain (Sigma), ␣-spectrin, talin, FAK (Chemicon, Temecula, CA), and ␤-actin (Sigma).
Immunofluorescence Imaging
Cells were rinsed twice with PBS, fixed with 3.7% buffered paraformaldehyde, and permeabilized with 0.5% Triton X-100 for 15 min. To detect nucleus and actin filaments, cells were stained with Hoechst 33258 and phalloidin conjugated with Alexa 594 (Molecular Probes, Eugene, OR) for 1 h at room temperature. To detect nucleus and STIM1, cell were stained with mouse anti-STIM1 antibody (BD Biosciences) for 1 h and then stained with Hoechst 33258 and anti-mouse IgG conjugated with Alexa 488 (Molecular Probes) for 1 h at room temperature. The fluorophore was excited by laser at 405, 488, or 543 nm and detected by a scanning confocal microscope (FV-1000, Olympus, Tokyo, Japan). Cells transfected with DNA plasmids of enhanced green fluorescent protein (EGFP)-STIM1 and monomeric red fluorescent protein (mOrange)-Orai1 were direct activated by laser at 488 or 543 nm for EGFP and mOrange, respectively.
Single-Cell Intracellular Ca 2؉ Measurement
Intracellular Ca 2ϩ ([Ca 2ϩ ] i ) was measured at 37°C with the Fura-2 fluorescence ratio method on a single-cell fluorimeter as previously described (Ross and Cahalan, 1995; Shen et al., 2003) . In brief, cells attached on a coverslip were loaded with 2 M Fura-2/acetoxymethyl ester (Fura-2/AM) in DMEM culture medium at 37°C for 30 min. After loading, cells were washed three times with PBS. Coverslips were then placed on the stage of an Olympus IX71 inverted microscope equipped with a xenon illumination system and an IMAGO CCD camera (Till Photonics, Grafelfing, Germany). The excitation wavelength was alternated between 340 nm (I 340 ) and 380 nm (I 380 ) using the Polychrome IV monochromator (Till Photonics). The fluorescence intensity was monitored at 510 nm, stored digitally, and analyzed by the program of TILLvisION 4.0 (Till Photonics). [Ca 2ϩ ] i was calculated as previously described (Grynkiewicz et al., 1985) . In some experiments, cytosolic Ca 2ϩ levels were estimated by confocal images (Olympus FV-1000) for cells loaded with 2 M Fluo-4/AM (Molecular Probes).
Measurement of -Calpain Activity
The -calpain activity was assessed by generation of the fluorescent product from hydrolysis of an artificial -calpain fluorescent substrate t-butoxycarbonyl-Leu-Met-chloromethylaminocoumarin (t-Boc-LM-CMAC; Molecular Probes; Xu and Deng, 2004) . Cells were pretreated with 10 M t-Boc-LM-CMAC for 30 min and then cultured on collagen gel or gel-coated dishes for 1, 4, and 6 h. Intracellular fluorescence was sequentially imaged under a confocal imaging system (Olympus FV-1000) and mean fluorescence intensity (excitation by 405-nm LD laser) of individual cells was quantitatively analyzed.
Small Interfering RNA
For siRNA knockdown of -calpain or STIM1, normal cervical epithelial cells were transfected with 50, 100, and 200 nM of either targeting small interfering RNA (siRNA) or a control nontargeting siRNA (all purchased from Ambion, Austin, TX) using Oligofectamine (Invitrogen, San Diego, CA) for 24, 48, and 72 h. Preliminary results indicated that a siRNA concentration of 100 nM for 48 h exerted the maximum inhibition of mRNA and protein expression for -calpain or STIM1 without affecting the cell viability. The siRNA targets human large subunits of -calpain (sense siRNA strand: 5ЈGCUAGU-GUUCGUGCACUCUtt3Ј; antisense siRNA strand: 5ЈAGAGUGCACGAA-CACUAGCtt3Ј; Honda et al., 2004) . The sequences of siRNA targeting STIM1 are as follows: sense: 5ЈAAGGCUCUGGAUACAGUGCUCtt3Ј; antisense: 5ЈGAGCACUGUAUCCAGAGCCUUtt 3Ј; Roos et al., 2005) .
Fluorescence Resonance Energy Transfer Measurements
Fluorescence resonance energy transfer (FRET) approach was used to 1) visualize and quantify the interaction between STIM1 and Orai1 and 2) estimate cytosolic Ca 2ϩ levels by fluorescent indicator protein cameleon (Nagai et al., 2004) . EGFP and mOrange were conjugated with STIM1 and Orai1, respectively (kindly provided by Liangyi Chen, Chinese Academy of Science, China) and were used as a FRET pair. We initially cloned the cells with stable expression of STIM1-EGFP. These cells were transiently transfected with Orai1-mOrange by using Lipofectamine 2000 (Invitrogen). Live-cell imaging was acquired on a confocal imaging system (Olympus FV-1000). To avoid the bias incurred by different Orai1 protein expressions, cells with similar mOrange fluorescent intensity (3000 Ϯ 100 arbitrary units in the fluorescent scale ranged from 0 to 4095) were selected for FRET measurement. An optional 488 nm laser was used to directly excite EGFP without exciting mOrange, which was ideal for EGFP and mOrange FRET imaging. On the other hand, emission spectra of EGFP and mOrange were 500 -535 and 560 -650 nm, respectively. Intermolecular FRET between EGFP-STIM1 and mOrangeOrai1 measured by the analysis program in FV-1000 allows ratio calculation and ratio image acquisition after subtracted background fluorescent intensity. The ratio of mOrange to EGFP emissive fluorescence intensity was presented as the pseudocolor image. Cameleon is a chimeric protein composed of a short-wavelength variant of GFP, calmodulin (CaM), a glycylglycine linker, the CaM-binding peptide of myosin light-chain kinase (M13), and a longwavelength variant of GFP. interaction between CaM and M13, which changes the chimeric protein from an extended to a more compact conformation, thereby increasing the efficiency of FRET from the shorter-to the longer-wavelength variant of GFP. Yellow cameleons (YCs) have cyan and yellow fluorescent proteins (CFP and YFP) as the FRET donor and acceptor, respectively. We selected the cells stable expression of cameleon plasmid (kindly provided by Takeharu Nagai, Hokkaido University, Japan) and the live-cell imaging was acquired by a confocal imaging system (Olympus FV-1000). An optional 440 nm LD laser was used to directly excite ECFP without exciting EYFP, which was ideal for EYFP/ECFP ratio image. On the other hand, emission spectra of ECFP and EYFP were 470 -500 and 535-565 nm, respectively. Intramolecular FRET between ECFP and EYFP measured by the analysis program in FV-1000 allows ratio calculation and ratio image acquisition after subtracted background fluorescent intensity. The ratio of EYFP to ECFP emissive fluorescence intensity was presented as the pseudocolor image.
Colocalization and Statistical Analyses
A pixel-by-pixel colocalization analysis, using FV-1000 software, was used to assess levels of STIM1 colocalization with Orai1 in confocal images. All values were reported as means Ϯ SEM. Student's pair or unpaired t test was used for statistical analyses. Differences between values were considered significant when p Ͻ 0.05.
RESULTS
Soft Substrate Regulates Growth and Apoptosis of Normal Cervical Epithelial Cells But Not Cervical Cancer Cells
To study the effect of substrate rigidity on the cellular function, we developed a cell culture system, in which culture dishes were coated with a very thin layer of collagen gel or were overlaid with collagen gel ( Figure 1A ). Detected by the dynamic mechanical analyzer, the substrate rigidity of culture dish coated with a very thin layer of collagen gel is more than 1 giga pascal, which was similar to that of culture dish without any coated substances and was referred as the control condition. In contrast, overlaying the culture dish with collagen gel remarkably decreased the substrate rigidity to 30 -100 pascals and was therefore referred as soft substrate. The SEM examination indicates a similar density of collagen fibril cross-link in gel-coated dish and gel-overlaid dish ( Figure 1A ). Therefore, this culture system is able to differentiate the biophysical effects of collagen gel from its biochemical impacts on the cellular function. We cultured normal cervical epithelial cells and two cervical cancer cell lines on different substrate rigidities. Culture on soft substrate inhibited the proliferation of normal cervical epithelial cells ( Figure 1B ), whereas that of cervical cancer cells was not affected by the substrate rigidity ( Figure  1C ). The cell population with positive annexin V staining, an early apoptotic marker, happened as early as 4 h after normal cervical epithelial cells cultured on soft substrate (top panel, Figure 1D ). Analyzed by PI staining, a high sub-G1 population (i.e., apoptotic cells) was increased in a timedependent manner for normal cervical epithelial cells cultured on soft substrate (bottom panel, Figure 1D ). In contrast, there were no such phenomena for normal cervical epithelial cells cultured on the control condition or cervical cancer SiHa cells cultured on different substrate rigidities ( Figure 1 , B-E). This indicates that soft substrate regulates the growth of normal cervical epithelial cells through apoptotic pathways.
Soft Substrate-induced Apoptosis Results from -Calpain Activation
We dissected the signal pathways involved in soft substrateinduced apoptosis. As depicted in Figure 2A , a breakdown product of -calpain appeared when normal cervical epithelial cells cultured on soft substrate for 4 h. Concomitantly, full-length -calpain significantly decreased. Cleavage of -calpain into a near 72-kDa breakdown product became more obvious when normal cervical epithelial cells cultured on soft substrate for 24 h. These results imply the activation of -calpain. On the other hand, m-calpain was not cleaved when normal cervical epithelial cells cultured on soft substrate. To confirm that calpain was indeed activated in soft substrate, we monitored and measured the changes of intracellular calpain activity by using a fluorogenic membranepermeable calpain substrate t-Boc-LM-CMAC. Cleavage of Figure 2B ). On the other hand, the fluorescent intensity of CMAC portion was increased to 2.5-and 3.2-fold when normal cervical epithelial cells cultured on soft substrate for 4 and 6 h, respectively ( Figure 2B ). This confirms that soft substrate potently stimulates the calpain activity.
We also analyzed the calpain activation by monitoring the appearance of calpain-specific ␣-spectrin breakdown products. ␣-Spectrin is a cytoskeletal scaffold protein which plays an important role in the maintenance of actin architecture. Cleavage of ␣-spectrin into 150-and 145-kDa breakdown products is a characteristic of calpain activity (Wang, 2000) . As shown in Figure 2C , the calpain-specific 150-/145-kDa breakdown products of ␣-spectrin appeared strongly when normal cervical epithelial cells cultured on soft substrate for 6 -8 h. Concomitantly, full-length ␣-spectrin significantly decreased. No caspase-specific 120-kDa ␣-spectrin breakdown products were found. The downstream targets of -calpain on adhesion molecules such as talin and FAK were also degraded ( Figure 2C ). The soft substrate-induced cleavage of ␣-spectrin and the degradation of talin and FAK resulted in the disorganization of actin cytoskeleton and contributed to structural derangement in normal cervical epithelial cells cultured on soft substrate ( Figure 2D, top panel) . As a consequence, most normal cervical epithelial cells contracted when they grew on soft substrate for more than 8 h and became round-up, detected by the scanning electron microscope ( Figure 2D , bottom panel).
To provide the direct evidence of the involvement of -calpain in soft substrate-induced apoptosis, we used siRNA to knockdown -calpain and investigated this effect on soft substrate-induced apoptosis. Normal cervical epithelial cells were transfected with 100 nM siRNA specific for -calpain for 48 h. Then at 48 h after transfection, the cells were 1) harvested for analysis of protein expression by immunoblotting, 2) cultured on various conditions for 24 h, and 3) analyzed the apoptosis by PI staining. As shown in Figure 3A , endogenous -calpain protein levels were specifically reduced in the presence of a -calpain-specific double-stranded RNA oligomer. The control siRNA did not alter -calpain protein levels. Reduction of -calpain protein levels with siRNA significantly inhibited 60 -70% apoptosis induced by soft substrate (Figure 3B ), indicating that the activation of -calpain significantly contributes to soft substrate-induced epithelial apoptosis. We further studied the mechanisms of -calpain activation in soft substrate by utilizing inhibitors acting at different target sites of calapin. PD150606 and PD151746, two specific inhibitors targeting Ca 2ϩ -binding site of calpain (Fettucciari et al., 2006) , inhibited soft substrate-induced calpain activation in a dosedependent manner ( Figure 3C ). PD145305, a negative control for PD150606 and PD151746 (Fettucciari et al., 2006) , did not show any effect on the activation of calpain. In contrast, ALLN, an inhibitor targeting catalytic binding site of calpain (Debiasi et al., 1999) , showed no significant effect on soft substrate-induced calpain activity. The pan-caspase inhibitor, Z-VAD, had no effect on soft substrate-induced activation of calpain, either. This indicates that dysregulation of Figure 4A ). Normal cervical epithelial cells cultured on soft substrate had significantly higher levels of Ca 2ϩ entry across the plasma membrane than cells cultured on control condition ( Figure 4A ). In addition, this up-regulated Ca 2ϩ entry became more obviously with time. As a consequence of enhanced Ca 2ϩ entry, the basal level of [Ca 2ϩ ] i significantly raised from 95 Ϯ 2 to 125 Ϯ 3 nM (p Ͻ 0.01), when normal cervical epithelial cells cultured on soft substrate for 4 h ( Figure 4B ). To confirm that [Ca 2ϩ ] i was indeed elevated in soft substrate, we used two other methods to estimate cytosolic Ca 2ϩ : 1) confocal image using Fluo-4/AM fluorescent dye and 2) FRET-based Ca 2ϩ measurement by fluorescent indicator protein cameleon. As shown in Figure 4 , C and D, cells seeding on soft substrate for 4 h increased the mean pixel intensity of Fluo-4 by 40%, compared with cells seeding on the control condition. Figure 4E shows the model of FRET-based Ca 2ϩ measurement by cameleon. When [Ca 2ϩ ] i is elevated, Ca 2ϩ binding to CaM causes intramolecular CaM binding to M13. This results in the conformation change of cameleon molecule, which would increase the emission ratio of EYFP to ECFP. The pseudocolor images of Ca 2ϩ signal levels suggest that emission ratio of EYFP to ECFP for cells seeding on soft substrate for 4 h is 30% higher than that for cells seeding on control condition ( Figure 4F) Figure 5B ) or induce the activation of m-or -calpain ( Figure 5C ). In opposite to the findings in normal cervical epithelial cells, various culture conditions did not significantly change the ratio of cleaved to uncleaved ␣-spectrin or degrade the proteins of FAK and talin in cervical cancer SiHa cells (Figure 5D) . Therefore, there were no significant changes in actin organization and cell morphology for cervical cancer SiHa cells cultured on control condition or soft substrate ( Figure  5 , E and F).
STIM1-mediated Ca 2؉ Influx Activates Calpain
We have demonstrated that soft substrate up-regulated Ca 2ϩ influx in response to depletion of intracellular Ca 2ϩ stores ( Figure 4A ). Depletion of intracellular Ca 2ϩ stores induces Ca 2ϩ influx across the plasma membrane through SOC channels in a variety of mammalian cells (Bolotina, 2004) . STIM1, a putative ER Ca 2ϩ sensor, rapidly translocates to a plasma membrane-adjacent ER compartment upon the depletion of ER Ca 2ϩ stores (Zhang et al., 2005) . We therefore did the immunofluorescent staining to investigate if the substrate rigidity affects the cellular distribution of STIM1. In the control culture conditions, most fluorescent intensity of STIM1 scattered in cytosolic areas, which is independent of cell size ( Figure 6A ). In striking contrast, soft substrate induced the aggregation of STIM1 into puncta that localized to regions near or at the plasma membrane, as well as within the cytoplasm. These phenomena happen as early as 0.5 h after cells seeding and became more obviously 4 h Cell lysates were harvested and analyzed by SDS-PAGE and Western blots. Small arrow and small arrowhead, the inactive and active catalytic -calpain subunit, respectively. Big arrow and big arrowhead, the full-length (280 kDa) and calpaindigested cleaved form (145 kDa) of ␣-spectrin, respectively. (E) Soft substrate shows no effect on the cellular structure of cervical cancer SiHa cells. Cells were cultured on control condition or on soft substrate for 10 h, and immunofluorescence study was performed to detect actin filaments and nucleus. Scale bars, 10 m. (F) Morphology of cervical cancer SiHa cells cultured on control condition or on soft substrate for 10 h and detected by scanning electron microscope. Scale bars, 4 m.
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We further used siRNA to knockdown STIM1 expression in determining whether STIM1-mediated Ca 2ϩ influx contributed to soft substrate-induced calpain activation. Endogenous STIM1 protein levels and the activation of store-operated Ca 2ϩ entry were specifically reduced in the presence of a STIM1-specific double-stranded RNA oligomer ( Figure  6 , C and D), indicating that STIM1 has a plasma membrane role in the activation of SOC channels. Furthermore, chelating [Ca 2ϩ ] o by EGTA or down-regulated STIM1-mediated Ca 2ϩ influx by siRNA significantly inhibited soft substrateinduced activation of -calpain ( Figure 6E ). Thus, these data indicate that enhanced Ca 2ϩ entry mediated by STIM1 translocation plays an important role in the regulation of soft substrate-activated calpain activity.
Interaction of STIM1 and SOC Channels STIM1 has recently been shown to be essential for the regulation of Orai1, a pore subunit of the SOC channel (Marchant, 2005) . To test whether soft substrate enhances the interaction between STIM1 and membrane SOC channel, we developed a live-cell FRET approach to visualize and quantify the interaction between EGFP-conjugated STIM1 and mOrange-conjugated Orai1 ( Figure 7A ). When EGFP-STIM1 and mOrange-Orai1 fusion proteins do not interact, illumination with blue (ϳ488 nm) light results in stronger EGFP fluorescence. As a result of Ca 2ϩ depletion-induced interactions between EGFP-STIM1 and mOrange-Orai1, EGFP, and mOrange are brought into proximity and excitation energy is transferred, resulting in stronger mOrange fluorescence. The pseudocolored FRET images indicate that the increased emissive ratio of mOrange to EGFP happens in the juxta-membrane regions for normal cervical cells seeding on soft substrate ( Figure 7B ). We did the statistical analyses on the ratio of emission for normal cervical cells and cervical cancer cells that were cultured on different substrate rigidities. For normal cervical cells cultured on the soft substrate, there is a significant increase of emission ratio of mOrange to EGFP in the juxta-membrane region. In contrast, there is no significant change in the emission ratio of mOrange to EGFP for cervical cancer cells cultured either on control condition or on soft substrates ( Figure 7C ). The confocal images suggest that soft substrate induce the aggregation and translocation of STIM1 toward the cell periphery to colocalize with Orai1 on the opposing plasma membrane of normal cervical cells ( Figure 8A ). The quantitative analyses of confocal images confirm that soft substrate significantly increases the colocalization of STIM1 with Orai1 in normal cervical cells but not in cervical cancer cells (Figure 8 ). Thus the evidences from FRET measurement as well as image analyses support the hypothesis that soft substrate up-regulates the interaction of STIM1 with Orai1 in normal cervical cells but not in cervical cancer cells.
There is a distinct mode of activating STIM1 translocation, i.e., through depletion of ER Ca 2ϩ stores by inositol 1,4,5-trisphosphate (IP3) signaling (Lis et al., 2007) . The IP3 receptor inhibitor, 2-aminoethoxydiphenyl borate (2-APB; Lis et al., 2007) , prevented the puncta formation of STIM1 near the plasma membrane in the soft substrate (Figure 9 ), indicating that IP3 signaling is the upstream regulation to trigger ER STIM1 activation and translocation. More importantly, soft substrate-induced apoptosis was significantly inhibited by chelating [Ca 2ϩ ] o with EGTA, down-regulation of STIM1-mediated Ca 2ϩ influx by siRNA, IP3 receptor inhibitor (2-APB), or calpain inhibitors targeting the Ca 2ϩ -binding site (Figure 10 ).
DISCUSSION
This study highlights the functional significance of STIM1 in response to the physical properties of extracellular matrix. We identify the Ca 2ϩ transport system that contributes to the soft substrate-induced apoptotic cascades. Changes in cytosolic Ca 2ϩ levels regulate a variety of fundamental cellular functions. In nonexcitable cells, a major pathway of Ca 2ϩ entry involves receptor-mediated depletion of [Ca 2ϩ ] i stores followed by the activation of SOC channels in the plasma membrane. The last couple of years have seen significant breakthroughs in the study of SOC channel, i.e., identification of STIM1 as the store Ca 2ϩ sensor and Orai1 as the pore-forming essential subunit of SOC channel. Soft substrate induces the aggregation and translocation of STIM1 toward the cell periphery to colocalize with Orai1 on the opposing plasma membrane, demonstrated by FRET measurement and confocal imaging. The enhancing STIM1 translocation correlates with the up-regulation of Ca 2ϩ entry in soft substrate which subsequently disrupts the integrity of Ca 2ϩ -signaling complexes.
Here we demonstrate that soft substrate of collagen gel causes the activation of Ca 2ϩ -dependent protease -calpain, which leads to apoptosis in normal cervical epithelial cells. In addition, soft substrate-induced apoptosis is cell-type specific. This conclusion is supported by the following findings: 1) Culture on soft substrate of collagen gel inhibited the growth of normal cervical epithelial cells but not cervical cancer cells. 2) Positive annexin-V staining, an early apoptotic marker, happened as early as 4 h after normal cervical epithelial cells cultured on soft substrate. 3) The analyses of PI staining confirmed that soft substrate-induced cell death of normal cervical epithelial cells through the apoptotic pathways. 4) Ca 2ϩ -activated cystine protease, -calpain, was cleaved on soft substrate, detected by Western blotting. The image studies showed the increasing retention of synthetic fluorescent calpain substrate, confirming the activation of calpain activity in soft substrate. 5) PD150606, a specific inhibitor of calpains by blocking of the calpain Ca 2ϩ -binding site, inhibited soft substrate-induced calpain activation and apoptosis in a dose-dependent manner. PD151746, the 20-fold selective inhibitor for -calpain directed to Ca 2ϩ -binding site, showed the similar effects. 6) Knockdown of -calpain protein levels with siRNA significantly inhibited ϳ70% apoptosis induced by soft substrate. This supports the data obtained using pharmacological calpain inhibitors and provides further evidence that -calpain is involved in soft substrate-induced apoptosis.
This study highlights the importance of Ca 2ϩ homeostasis for epithelial cells in response to the physical properties of extracellular matrix. Soft substrate disrupted the integrity of Ca 2ϩ -signaling complexes in normal cervical epithelial cells, by up-regulation of STIM1-mediated Ca 2ϩ influx. The storeoperated Ca 2ϩ influx mediated by STIM1 translocation is important for the replenishment of Ca 2ϩ stores and is also involved in many signaling processes by virtue of the ability of [Ca 2ϩ ] i to act as a second messenger (Soboloff et al., 2006) . Blockade of Ca 2ϩ influx by EGTA or STIM1 knockdown by siRNA almost abolished soft substrate-induced activation of -calpain and significantly inhibited soft substrate-induced apoptosis. Thus, loss of Ca 2ϩ homeostasis followed by calpain activation significantly contributes to soft substrateinduced epithelial cell apoptosis. STIM1 siRNA, IP3 receptor inhibitor 2-APB, and blocking calcium influx by EGTA inhibited 64, 75, and 82% of soft substrate-induced apoptosis, respectively. These data indicate that IP3-dependent STIM1 translocation is an important signaling, but not the only pathway for soft substrate-induced apoptosis. There is convincing evidence that the alteration of Ca 2ϩ homeostasis is associated with cell survival and death (Rizzuto et al., 2003) . Recent studies have established some of the biochemical mechanisms (e.g., the proteolytic enzymes) by which intracellular Ca 2ϩ overload can trigger either necrotic or apoptotic cell death, and several researches have shown that prevention of Ca 2ϩ overload by pretreatment with either Ca 2ϩ chelators, receptor antagonists, or channel blockers can rescue cells that would otherwise die (Orrenius et al., 2003) . Similarly, a Ca 2ϩ -based theory of carcinogenesis has been proposed. For example, dysregulation of Ca 2ϩ homeostasis has been demonstrated to initiate oncogenesis that leads to cell malignant transformation (Jaffe, 2005) .
The cellular behavior on soft extracellular matrix is characteristic of important phenotypes; e.g., cell growth on soft agar gels is to differentiate cancer cells from normal cells. The responses to substrate rigidity also play an important role in distinguishing the growth behavior of normal cells from that of transformed cells . Here we confirm that soft substrate of collagen gel induced apoptosis in normal cervical epithelial cell, but not in cervical cancer cells. More importantly, we show that soft substrate differentially regulated the interaction of STIM1 with SOC channels during the malignant transformation of human cervical epithelial cells. An understanding of how cells in tissues, including fibroblasts, myocytes, neurons, and other cell types, sense matrix stiffness is just emerging with quantitative studies of cells adhering to gels (or to other cells) with which elasticity can be tuned to approximate that of tissues (Engler et al., 2004; Discher et al., 2005 , Paszek et al., 2005 . Key roles in signal pathways are played by adhesion complexes and cytoskeleton, whose contractile forces are transmitted through transcellular structures. The feedback of local matrix stiffness on cell state likely has important implications for cellular function, such as development, differentiation, regeneration, and malignant transformation (Georges and Janmey, 2005; Hung and Ingber, 2005; Guo et al., 2006) . Further studies need to clarify the relationship between cell tension, matrix mechanics, and tumor development.
␣-Spectrin plays an important role in the maintenance of actin architecture. It is irreversibly cleaved by the proteolytic enzyme calpain and caspase 3 at different specific cleavage sites, leading to the disruption of cytoskeleton (Bü ki et al., 2000) . Cleavage of spectrin causes the membrane to form blebs and results in cell death (Castillo and Babson, 1998 ). Here we found that soft substrate caused breakdown of ␣-spectrin mediated by activation of calpain as early as 6 -8 h after normal cervical epithelial cells cultured on soft substrate. The downstream targets of -calpain on adhesion molecules such as talin and FAK were degraded as well. These findings establish a relationship between Ca 2ϩ signaling, calpain activation, and cellular structure and function in epithelial cells responding to the stiffness of their substrate.
Taken together, the regulatory mechanisms of soft substrate-induced normal epithelial cell apoptosis can be summarized as follows (Figure 11 ). Soft substrate induces the aggregation and translocation of STIM1 toward the cell periphery to colocalize with Orai1, an essential pore subunit of SOC channel. The cellular redistribution of STIM1 depends on IP3 signaling. The up-regulated interaction between STIM1 and Orai1 enhances SOC entry, which results in increased [Ca 2ϩ ] i . Thus, soft substrate causes the dysregulation of Ca 2ϩ homeostasis in normal cervical epithelial cells. The disturbance of Ca 2ϩ homeostasis triggers the activation of -calpain, which mediates the disruption of cytoskeletal organization and the subsequent apoptosis. Further studies are to investigate the differential mechanical sensing machineries leading to IP3-dependent STIM1 translocation during the malignant transformation of human cervical epithelial cells. 
